A method is proposed to establish regional design hyetographs for facilitating the determination of design hyetographs at ungauged sites. The method is applied to the central area of Taiwan. First, the single-station design hyetographs at all rain gauges are analysed using principal components analysis and cluster analysis. The principal components analysis shows that there are six dominant factors, and the cluster analysis indicates that the time to peak rainfall has the largest influence on the classification of hyetographs. It also shows that the single-station hyetographs in the study area can be classified into three clusters. Finally, the homogeneous regions for these three clusters are delineated and the corresponding regional design hyetographs are proposed. Once the homogeneous regions and the regional hyetographs are available, the design hyetograph at the point of interest can be easily determined. The proposed method is expected to be useful for providing the design hyetographs at ungauged sites.
INTRODUCTION
A design hyetograph is the time distribution of rainfall during a storm. Once the design point rainfall with certain duration and return period is obtained, the total depth is distributed over the specific duration. The design hyetograph serves as input to a hydrologic system from which the runoff hydrograph is yielded. The choice of the design hyetograph will have a significant influence on the shape and peak value of the hydrograph. Hence, the determination of design hyetographs is an important task in the hydrologic designs. For the establishment of design hyetographs, several methods are available in the literature. According to Chow et al. (1988) , the methods can be classified into two categories. In the first category the design hyetographs are produced from storm events, whereas in the second category they are developed from intensity-duration-frequency curves. Representative methods in the first category include those proposed by Huff (1967) , Pilgrim and Cordery (1975) and Yen and Chow (1980) . The Chicago method (Keifer and Chu, 1957) and the alternating block method (Chow et al., 1988) are representatives of the second category. In addition to the traditional design hyetographs, there are a number of alternatives. For example, Koutsoyiannis and Foufoula-Georgiou (1993) , Garcia-Guzman and Aranda-Oliver (1993) and Cheng et al. (2001a) developed design hyetographs using a stochastic approach.
The aforementioned methods are only applicable to gauged sites. To obtain a design hyetograph at an ungauged site, the hyetographs of the nearby rain gauges are often employed. However, is the choice of the hyetographs objective enough? If there is no gauge or the gauge is far away, how to get the reliable design hyetograph at the point of interest is worthy of investigation. Hence, it is justified to establish regional design hyetographs for facilitating the determination of design hyetographs at ungauged sites.
The objective of this paper is to find a method for the establishment of regional design hyetographs. First, principal components analysis (PCA) is performed to transform the original variables of the design hyetograph into new variables that are independent and orthogonal. Then, cluster analysis is applied to group the rain gauges into specific clusters. Finally, the homogeneous regions for these clusters are delineated and the corresponding regional design hyetographs are proposed.
THE STUDY AREA Figure 1 shows the study area that is locally referred to as the central region of Taiwan. The study area has an area of about 10 000 km 2 . There are 53 rain gauges available (Figure 1 ). The average annual precipitation is about 2080 mm.
The rainfall data are collected from the Water Resources Agency's computer archives, in which only storms with rainfall depth over 100 mm day 1 or rainfall intensity over 20 mm h 1 are stored. The design hyetograph of each rain gauge, which is called the single-station design hyetograph herein, is obtained using the method given in the local technical manual (Cheng et al., 2001b) . One can also refer to Cheng et al. (2001a) for a detailed description of the method. In total there are 53 single-station design hyetographs from which regional hyetographs will be developed. The abscissa of the single-station design hyetograph is dimensionless time with 24 intervals, and the ordinate is the percentage of total rainfall.
PRINCIPAL COMPONENT ANALYSIS
In this section, PCA on 53 single-station design hyetographs is performed. PCA is a linear transformation technique that provides a smaller set of uncorrelated variables (called components) from a set of correlated variables while maintaining most of the information in the original data set. PCA is often used as a preprocessing step to clustering (Everitt, 1993) , and it is in an attempt to reduce the number of variables. This is important because it helps to reduce future data-collection costs. Usually, most of the variation in a Hydrol. Process. 19, 937-946 (2005) 939 large group of variables can be captured with only a few principal components. The principles of PCA are described below. Consider the p ð n data matrix of observations:
where x ij is the jth observation for the ith variable. The sample mean vector is written as
and the sample covariance matrix is defined as
where Var( ) and Cov( ) denote the variance and covariance respectively. One can write Equation (3) as
where  is the diagonal matrix of eigenvalues 1 , 2 , . . . , p :
and C is the correlation coefficient matrix between the original variables and the principal components:
Matrix C is orthogonal and thus CÐC T D I. The principal components can be written as
The principal components can be presented as linear combinations of the original variables:
In matrix notation, Equation (8) becomes
In Equation (8) Inserting Equation (4) into Equation (10) gives
According to Equation (11), one can find that each principal component is independent and orthogonal to all the others. This means that each principal component presents completely new information.
In this paper, a single-station design hyetograph for a certain rain gauge can be regarded as an observation with 24 variables. The principal components are ordered in such a way that the variance explained by the first principal component is the greatest, the variance explained by the second one is smaller, and so on, and that of the last one is the smallest. The principal components represent the feature pattern of hyetographs. Hence, designable feature patterns (including peak rainfall) of hyetographs can be discriminated when we group rain gauges into clusters. The results of the PCA are presented in Table I , which shows that the first six principal components explain over 90% of the information. That is, one can use only the six principal components to describe all the single-station design hyetographs. 1Ð10  96Ð90  10  0Ð82  0Ð92  97Ð82  11  0Ð44  0Ð49  98Ð31  12  0Ð36  0Ð40  98Ð71  13  0Ð25  0Ð28  98Ð99  14  0Ð16  0Ð18  99Ð17  15  0Ð16  0Ð17  99Ð34  16  0Ð15  0Ð17  99Ð51  17  0Ð11  0Ð12  99Ð63  18  0Ð09  0Ð10  99Ð73  19  0Ð08  0Ð09  99Ð82  20  0Ð05  0Ð06  99Ð88  21  0Ð05  0Ð05  99Ð93  22  0Ð04  0Ð05  99Ð98  23  0Ð02  0Ð02  100Ð00  24 0Ð00 0Ð00 100Ð00 
CLUSTER ANALYSIS
After principal components analysis is performed, the data sets of principal components of rain gauges are used in cluster analysis to group rain gauges into clusters. Cluster analysis is the determination of natural groupings of similar objects within a multivariate data set. This analysis reduces a large and complex data set to a small number of data groups where members of a group share similar characteristics. The data usually have different scales and importance, and they should be normalized to avoid different weights of data. The normalization formula is
where i is an index corresponding to the principal component, j is an index corresponding to the data set, p is the number of principal components, n is the number of data sets (i.e. number of total rain gauges in this paper), y ij is the jth transformed observation of the ith principal component, and y i and s i are respectively the mean and the standard deviation of the ith principal component. The similarity must be measured, which can be presented using the distance. The distance d jk between the jth and the kth principal components is
The distance is constructed in the orthogonal space and the scales of the principal components are the same.
After the similarity has been measured, the cluster analysis can be used to determine the groupings of similar objects. Nonhierarchical clustering methods are frequently chosen to assign data observations to clusters. The best known of the nonhierarchical clustering methods is the so-called K-means method, which is described below.
The centres of the clusters are initialized by randomly selecting from the data set. Then the data set is clustered in the process of assigning each point to the nearest centre. When the data set has been assigned, the average position of the data points within each cluster is calculated and the cluster centre is then moved to the average position. This process of assigning and averaging is repeated until all the cluster centres no longer move. The process is then said to have converged.
In this paper, the K-means method is used for clustering. We have tested various numbers of clusters, e.g. from two to five, etc. After training the number of clusters and considering the practicability of regional hyetographs, we group the 53 rain gauges into three clusters. Figure 2 and Table II show the results of cluster analysis on 53 single-station design hyetographs. The time to peak rainfall for each rain gauge's design hyetograph is also presented in Table II . The times to peak rainfall for these three clusters are 9-11, 12-13 and 14-16 h. The results show that the time to peak has a great influence on the classification of hyetographs.
DELINEATION OF HOMOGENEOUS REGIONS
As stated in the previous section, the 53 rain gauges are grouped into three clusters. In this section, the area for each cluster will be delineated. Such an area is referred to as a homogeneous region herein. Because the rainfall characteristics at ungauged sites are unknown, it is logical to assume that the correlation of rainfall characteristics between two locations increases with decreasing distance. The delineation procedures are summarized as follows.
If the whole region can be grouped into n clusters, then any spatial point must belong to a certain cluster. We assume that there are m clustering points in the whole region, namely x 1 , y 1 , x 2 , y 2 , . . . , x m , y m . The probability of point (x, y) is grouped into the ath cluster 1 Ä a Ä n and is denoted as P a x, y . If P a x, y is the largest among P 1 x, y , P 2 x, y , Ð Ð Ð , P n x, y , then point (x, y) is grouped into the ath cluster. To calculate P a x, y , first an indicator variable f h is define as
The distance between points (x, y) and x h , y h is
In a like manner, one can obtain the distances
The weight w h is defined as
Then the probability that the point (x, y) is grouped into the ath cluster can be written as
In this paper, the study area is divided into a grid pattern. The cluster to which each grid belongs is then determined using Equation (17). That is, the homogeneous region corresponding to a cluster can be delineated. The homogeneous regions for design hyetographs in central Taiwan are shown in Figure 3 . 
REGIONAL DESIGN HYETOGRAPH
Once the homogeneous regions are delineated, the corresponding regional design hyetographs can then be established. If there are N rain gauges in a cluster, then the mean principal components in this cluster can be determined as
where z i is the mean value of the ith principal component, p is the number of principal components and N is the number of data sets in a cluster (i.e. number of rain gauges). Furthermore, let Z Ł and X denote the known matrix of principal components and unknown regional hyetograph respectively. According to Equation (9), X can be obtained as
The three dimensionless design hyetographs for central Taiwan are shown in Figure 4 . The times to peak rainfall of these three regional design hyetographs are 11, 13 and 14 h.
The regional design hyetograph of a homogeneous region is evaluated using two criteria: (1) error of time to peak (ETP) and (2) error of weighting time (EWT). where T r is the time to peak of the rth single-station design hyetograph, T is the time to peak of the regional design hyetograph and N is the number of rain gauges in a certain homogeneous region.
where t r is the time to the centre of mass of the rth single-station design hyetograph and T is the time to the centre of mass of the regional design hyetograph. The performance of the regional design hyetographs developed is summarized in Table III , wherein the values of ETP and EWT are seen to be very small. Hence, the regional hyetographs can successfully represent the hyetographs for the rain gauges in the same homogeneous region.
SUMMARY AND CONCLUSIONS
A method is proposed for the establishment of regional design hyetographs. First, the single-station design hyetographs for the 53 rain gauges in central Taiwan are established. Then PCA is applied to obtain the principal components of the single-station design hyetographs. It is found that the first six principal components explain over 90% of the information. Based on the transformed data resulting from PCA, cluster analysis (K-means method) is used to group the rain gauges into specific clusters. The 53 rain gauges are grouped into three clusters after training the number of clusters and considering the practicability of regional hyetographs. The results of cluster analysis show that the peak time is the principal factor affecting the classification of hyetographs. Moreover, the regions for three clusters are delineated. Finally, the regional design hyetograph for each cluster (i.e. each homogeneous region) is established. It is found that the regional hyetographs can successfully represent the hyetographs for the rain gauges in the same homogeneous region. The proposed regional hyetographs are very convenient to use. Once the homogeneous region that the point of interest belongs to is determined from Figure 3 , the corresponding hyetograph can then be found from Figure 4 . The proposed method is expected to be useful for providing the design hyetographs at ungauged sites.
